Abstract-An array of InGaN-based flexible light-emitting diodes (FLEDs) was fabricated on a full-scale 2-in polyimide substrate. An InGaN epitaxial layer on a sapphire substrate was directly bonded with a polyimide substrate, and the sapphire substrate was then removed via a laser lift-off process. A subsequent n-GaN etching process for a chip isolation finished LED chips over the entire 2-in polyimide substrate. Using this simple direct-transfer process, we obtained a production yield of over 97%. The FLED device operated linearly up to an input current level of 500 mA. Output power, operating voltage, and wavelength shift of the FLED up to 400-mA driving current were nearly the same as for a vertical LED on metal substrate.
I. INTRODUCTION
I nGaN-BASED light-emitting diodes (LEDs) have been intensively studied and widely used in various areas, including signals, backlight units in liquid crystal displays, automobile, and general lighting. Since they are now commonplace industrial products, other applications are being actively pursued. One for such application is LED with flexible device feasibility. Flexible LEDs (FLEDs) are potentially important for biomedical applications and deformable display [1] - [4] . Although the first FLED devices were naturally composed of organic materials, inorganic InGaN-based FLEDs have recently been considered, since they offer a number of advantages over organic materials, including high brightness, high efficiency and high stability.
One of the most difficult problems in the development of practical InGaN-based FLED application is the transfer printing process, in which a high-quality InGaN epitaxial layer, grown on a sapphire substrate, must be carefully transferred onto flexible substrate. This process is the decisive factor for the cost-effective mass production with a high production yield, as well as for fabrication of high quality chips with high-current operation and small spacing between them [5] - [7] .
Although some progress has been made in this area, only a few groups have produced InGaN-based FLEDs. T. Kim et al. employed a pair of transfer processes, transferring first from an epi-sapphire wafer onto a handling wafer (such as silicon) and then onto a flexible wafer [5] . J. Chun et al. developed a single direct transfer procedure from an epi-sapphire wafer onto a flexible wafer. However, additional complex processes (such as the use of a laser blocking layer) were necessary to avoid stress on the polymer-based flexible wafer during laser lift-off (LLO), resulting in a ∼20 × 20-FLED chip array with a current injection level of ∼4 mA [7] . Y. Jung et al fabricated an LED chip on an origami substrate, using a method in which epi-sapphire substrate was transferred first temporarily onto a polyethylene terephthalate substrate and then to the origami substrate using UV curable epoxy. However, they produced only a single FLED chip rather than an array of chips [8] . Although FLED operation has been successfully demonstrated, there is still much room for improvement in the fabrication techniques for cost-effective mass production, especially in terms of the yield and operating current, which are mainly determined by the multiple bonding and related transfer processes. In this letter, we describe the fabrication of InGaN FLEDs using a simple direct-transfer process and examine their operating properties. High production yield (making it possible to fabricate FLEDs on a full-scale 2-inch substrate) and high operating current are shown to be particular advantages of this method.
II. FABRICATION Fig. 1 schematically illustrates the fabrication processes for the FLEDs. The process began with the preparation of LED epitaxial structures using InGaN/GaN multiple quantum wells (MQWs) grown on a 2-inch sapphire substrate. A SiO 2 layer with a thickness of 600 nm was deposited onto the epitaxial layer and then patterned with 1200 × 1200-µm 2 open windows ( Fig. 1(a) ). Using E-beam evaporation followed by a photoresist lift-off process, Ni/Ag/Ni with a total thickness of 500 nm was deposited and then patterned inside the windows, and a p-ohmic contact between the p-GaN and the metal layer was subsequently formed via a rapid thermal annealing process ( Fig. 1(b) ). A bonding metal layer of Cu/Au/Sn was deposited on the entire wafer using E-beam evaporation and a double-sided polyimide tape 1041-1135 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. was then applied to the sample (Fig. 1(c) ). A dummy sapphire wafer which was prepared with the deposited ITO/SiO 2 (50/100 nm) on it was bonded to the exposed surface of the tape for the purpose of the sample handing ( Fig. 1(d) ). A LLO process using a KrF excimer laser was carried out to remove the sapphire substrate from the epitaxial layer ( Fig. 1(e) ), followed by an etching process to treat the exposed GaN layer. An ICP etching process for chip isolation was then carried out to expose the SiO 2 layer, resulting in an individual chip size of 1300 × 1300 µm 2 and an inter-chip spacing of 100 µm. Cr/Ni/Au was deposited and patterned to form the n-electrode. After the other LLO process was conducted in order to remove the dummy sapphire wafer from the polyimide tape separating ITO layer and SiO 2 layer on it, the final FLEDs on 2-inch polyimide substrate were completed ( Fig. 1(f) ). Fig. 2(a) shows a photograph of FLEDs on the full-scale 2-inch substrate, with a magnified inset of an individual chip. We can see that almost all of the FLED chips were well fabricated over the entire 2-inch wafer, and a device testing under an electrical bias resulted in a production yield of over 97% with only a few failed chips. This successful processing of a 2-inch wafer and the accompanying high yield were certainly due to our use of a simple direct-transfer procedure that minimized the related bonding processes. Fig. 2(b) shows the light-emitting operation at an input current level of 300 mA. As Fig. 2(c) indicates, the FLED was rolled up without any physical damage to the individual chips, and Fig. 2(d) confirms its electrical and optical operation. In Fig. 3 , we compared the operation characteristics of the Fig. 4 . EL spectra for the FLED and VLED. As the input current increased from 10 mA to 300 mA, the red shifts of the emission wavelengths were 3 nm for the FLED in (a) and 1 nm for the VLED in (b).
III. MEASUREMENTS AND DISCUSSION
FLEDs with conventional vertical LEDs (VLEDs) fabricated via the same process illustrated in Fig. 1 , except for the use of a conventional metal substrate (Mo) as bonding substrate in steps (c) and (d). As Fig. 3(a) indicates, the operating voltages were similar for both devices: 3.35 V for the FLED and 3.31 V for the VLED at the same input current level of 350 mA. As Fig. 3(b) shows, the FLED operated linearly up to an input current level of 500 mA, and then the output intensity began to decrease with the input current. The VLED exhibited linear operation up to an input current level of more than 1000 mA. This difference may have been due to thermal degradation to the FLED in operation caused by the poor thermal conductivity of the polyimide substrate. Fig. 4 compares the EL spectra of the FLED in (a) and VLED in (b). As the input current increased from 10 mA to 300 mA, the red shifts of the emission wavelengths were 3 nm for the FLED and 1 nm for the VLED. First, we can see that the two spectra were similar, with the same center wavelength of ∼452 nm. This shows that the FLED fabrication process with a polyimide substrate caused no significant damage to the epitaxial layer. The weak modulation patterns appearing in the spectra were due to the Fabry-Perot interference pattern [9] . Second, the red shifts in the spectra were caused by the elevated temperatures in the junction area during operation [10] , and thus the higher redshift shows that the junction temperature was higher for the FLED due to the poor thermal conductivity of the polyimide substrate. However, our shift was very small in comparison with previously reported work [5] - [7] . Moreover, the FLED characteristics should be further improved by using a polyimide substrate with better thermal conductivity, such as a polyimide substrate containing metal particles.
IV. CONCLUSION
In conclusion, we fabricated an array of FLEDs on a full-scale 2-inch polyimide substrate using a simple directtransfer process. The L-I-V curve and emission spectrum confirm that our FLEDs operated effectively, and the epitaxial layer was undamaged. The high production yield rates and high input current operation demonstrate the robustness of our process.
